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Embryonic asymmetry: Left TGFb at the right time?
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Vertebrates have consistent differences between their
left and right sides. In all species, nodal, a transforming
growth factor b superfamily signalling protein, is
involved in a late step in the pathways that specify such
asymmetry in the embryo. Earlier components seem not
so well conserved.
Address: Department of Anatomy and Developmental Biology, and
MRC EET Unit, St George’s Hospital Medical School, Cranmer
Terrace, London SW17 0RE, UK.
Electronic identifier: 0960-9822-007-R0212
Current Biology 1997, 7:R212–R215
© Current Biology Ltd ISSN 0960-9822
Ancient man may not have known what all our organs did,
but no doubt he knew where they were; you do not need
to do too many sacrifices and disembowellings to work out
that the heart is always on the left, liver on the right, and
so on. More recently, but still a century ago, embryologists
realized that to establish the vertebrate body plan with
these consistent differences between the two sides
requires a rather special developmental mechanism. Since
then, despite much effort, theoretical models for breaking
bilateral symmetry were about all we had to show, until
1995 brought the first observation of genes that are
expressed asymmetrically during chick gastrulation. Now,
there has been a rash of new findings in Xenopus, mouse
and zebrafish, as well as chick. So, are we any the wiser?
The answer is yes and no.
In their ground-breaking study of the chick, Levin et al.
[1] described a pathway that begins during gastrulation
with expression of the cActRIIa gene, which encodes the
activin type IIa receptor, in the right side of the primitive
streak and node, the site of tissue invagination during gas-
trulation and forerunner of the embryonic axis. This asym-
metric cActRIIa expression results in repression of the
chicken Sonic hedgehog (cShh) gene, so that cShh is
expressed in only the left side of the node. The transcrip-
tion factor encoded by HNF3b is also transiently
expressed in the left half of the node, coincidentally with
cShh, although its exact role is unclear. The asymmetric
Shh then induces a large patch of expression of nodal in
the left lateral plate mesoderm. All the components of this
pathway are well-known players in many other aspects of
development. Shh, activins and nodal are all secreted sig-
nalling proteins, the latter two being members of the
transforming growth factor b (TGFb) superfamily. So, the
pathway described by Levin et al. [1] starts with a right-
sided signal within the primitive streak and ends in the
lateral mesoderm close to developing asymmetrical organs.
What signals lie upstream of this pathway, breaking the
initial symmetry of the embryo, and what are the down-
stream connections?
Additional components have now been identified at both
ends of the pathway. Tabin and colleagues have identified
asymmetric expression of activin bB in the primitive
streak, before that of the receptor (C. Tabin, personal
communication), substantiating their earlier suggestion
that the receptor is upregulated by its ligand [1]. At the
distal end of the pathway, a transcription factor related to
the Drosophila gene snail plays a role. Isaac et al. [2] cloned
a chick snail-related gene, cSR-1, which is expressed in the
right lateral plate mesoderm, in a mirror-image of nodal
expression. Disruption of cSR-1 function with antisense
oligonucleotides results in the randomization of left–right
development, so that half the embryos are normal (situs
solitus) and half have completely inverted body symmetry
(situs inversus).
Isaac et al. [2] also repeated some of the gene expression
manipulations that Levin et al. [1] used to define the
pathway, with the same results for steps in the middle of
the pathway, but not for those at earlier stages. When Shh
expression was driven in the right of the node, where Shh is
normally repressed, right-sided cSR-1 expression was elim-
inated and right-sided nodal was induced, to make nodal
expression bilateral, as found by Levin et al. [1]. Ectopic
application of activin protein on the left side also disrupts
cSR-1 and nodal expression, but, in this case, Isaac et al. [2]
saw the full spectrum of cSR-1 and nodal expression pat-
terns: right sided, left sided, bilateral and absent. In con-
trast, Levin et al. [1] found that the addition of activin to
the left side eliminated both Shh from the node and subse-
quent nodal expression. Isaac et al. [2] interpret their
activin treatment as driving the embryo ‘backwards’ devel-
opmentally, so that it has to redefine its laterality, possibly
having lost the original specifying signal. The reasons for
these disparate results are not clear, but may be due to
differences in the way the activin protein was delivered.
As an aside, an examination of Shh and nodal expression in
conjoined chick embryos, formed on those rare occasions
when a second streak develops parallel to the first, sug-
gests an explanation for why some human conjoined twins
have defects of situs. It has always been a puzzle that the
right twin of a laterally conjoined pair seems much more
likely to have laterality defects. Levin et al. [3] suggest
that there is ‘cross-talk’ between the signals of adjacent
embryos. If primitive streaks are close together during
early gastrulation, activin on the right of the left twin may
not only down-regulate Shh in its own right node, but also
cross to the left side of the right twin, resulting in Shh (and
consequently nodal) being absent from the right twin. In
contrast, if nodes are close together later in gastrulation,
then Shh on the left of the right embryo might induce
nodal on the right of the left embryo, resulting in bilateral
expression. It has long been suggested that the orientation
of two streaks relative to one another determines the type
of conjoining; perhaps it also decides when cross-talk may
occur, and thus whether situs is disrupted. The paradox of
this elegant model is that, while an embryo’s activin and
Shh signals can effectively cross the blastoderm to affect a
neighbour, they must not be able to cross the midline to
affect the other side of the same embryo. The nature of
the midline barrier is intriguing, and we shall return to the
role of midline structures later.
But what of the pathway in other vertebrates? The distal
part of the pathway seems very well conserved. In both
mouse and Xenopus, like chick, nodal is expressed in the
left lateral plate mesoderm [4,5]. In mouse, a second, and
novel, TGFb superfamily protein is
also expressed in left mesoderm, in a
pattern very similar, but not identical,
to that of nodal [6] (Fig. 1). The really
striking feature of this gene, termed
lefty, is that it is also asymmetrically
expressed in the prospective floor
plate, being expressed in the left half
of the ventral neural tube only, up to
the mid-brain level. This is some-
thing of an enigma, given that no
obvious neuronal or axonal asymme-
tries develop in the midline of the
central nervous system.
The expression of lefty and nodal is
affected by the mouse mutations situs
inversus viscerum (iv) and inversion of
embryonic turning (inv), which cause
aberrant left–right development. In
inv/inv homozygotes, which all dev-
elop with situs inversus, both lefty and
nodal are expressed on the right — the
opposite of the normal pattern. In
iv/iv embryos, half of which develop
normally and half with situs inversus,
lefty and nodal may be on the left, the
right, both sides or absent altogether
[4–6] (as in activin-treated chicks [2]).
These observations suggest a func-
tional role for lefty and nodal in the
mouse, and place inv and iv upstream
in the pathway (Fig. 2). Soon, at least
the inv gene should be identified;
cloning inv has been complex, because the original inser-
tional mutation [7] resulted in both deletion and duplica-
tion of genomic sequences. Recently, however, the
phenotype has been rescued by transgenesis with a yeast
artificial chromosome containing about 300 kilobases of
DNA from the deleted region (P.A. Overbeek, personal
communication). In contrast, the iv gene remains elusive.
How might gene expression in lateral plate mesoderm
result in morphological asymmetry, particularly in the
heart? The transient asymmetries of nodal, lefty and cSR-1
occur immediately before the stage at which the heart tube
loops, but not within the heart itself — rather, expression is
just caudal to the inflow portion of the heart. This is not as
strange as it may at first appear. Although it is the rostral
heart (outflow tract and ventricles) that loop, looping is
preceded by, and perhaps driven by, morphological and
proliferative asymmetries in the inflow region (D. Bellomo
and N.A.B, unpublished observations). Perhaps the TGFb
molecules influence the proliferation or fate of pro-
myo/endocardial cells in the lateral plate before they
migrate to contribute to the heart tube. In iv and inv
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Figure 1
Asymmetric gene expression in vertebrate
embryos. Representations of developing chick,
Xenopus and mouse embryos to indicate the
spatial gene expression patterns that control
left–right development. The diagrams depict
gene expression condensed over the whole
period equivalent to stages from the primitive
streak to early somite formation. Early events
occur in the primitive streak and node,
whereas later events occur progressively more
anteriorly. See text for details.
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mutant embryos, not only is the asymmetry of expression
of lefty and nodal abnormal, but also the anterior boundary
of nodal expression is shifted caudally [4]. This may
explain some of the cardiac abnormalities which are
common particularly in iv mice. So far, the only good can-
didates for downstream effectors in this pathway are three
extracellular matrix proteins: flectin, hLAMP-1 and JB3
[8,9]. In chick, flectin and hLAMP-1 are expressed pre-
dominantly on the left, and JB3 on the right. The expres-
sion of these proteins could be induced by nodal on the left
or repressed by cSR-1 on the right (snail, the homologue of
cSR-1 in Drosophila, acts as a transcriptional repressor [10]).
The role of the extracellular matrix in morphogenesis is
well known, and non-specific disruption of the extracellu-
lar matrix can affect the development of situs [11]. While
nodal appears to impart handedness to thoracic organs, its
regions of expression do not favour a role in abdominal
organ asymmetries, so perhaps other genes are responsible.
It sometimes seems that no developmental process is
complete without a role for the vitamin A derivative
retinoic acid (RA), but its place in the asymmetry pathway
is unclear. Vitamin A deficiency (VAD) in rats and quail
certainly results in inverted heart looping and decreased
flectin expression [8,12], but this may be secondary to a
general disruption of heart development. Although the
node is a known site of RA synthesis, VAD in quail does
not affect Shh asymmetry in the node [12], suggesting that
RA is downstream of Shh in the pathway, if anywhere.
Excess RA also causes heart defects, including inverted
looping, and several studies have shown that the two sides
of the chick embryo respond differently to RA-soaked
beads [9]. Beads implanted in the right heart-forming
region cause inverted looping and affect the expression of
hLAMP-1, JB3 and possibly nodal (but not Shh, as for
VAD), whereas a bead on the left induces heart inversion
less often and does not alter these molecules [9]. So, there
is a clear asymmetry in RA responsiveness, but the place
of endogenous RA signaling remains uncertain.
Unlike distal steps, the proximal or early components of the
chick pathway do not appear, at least overtly, to be well
conserved in other species (Figs 1,2). Targeted null
mutants of activins, Act-RIIa [13] and Shh [14] in mouse
confer no abnormalities of situs, and there is no evidence for
asymmetry of Shh transcripts in the node of the mouse ([15]
and our unpublished observations), Xenopus [16] or
zebrafish [17]. In man, mutations in Shh are associated with
holoprosencephaly — in which midline structures of the
face, skull and brain do not develop — but not with defects
of laterality [18,19]. A superficially contradictory result is
that Act-RIIb null mutant mice have defects of situs (E. Li,
personal communication). This is tantalizing because,
unlike the IIa receptor, Act-RIIb is symmetrically expressed
and not apparently involved in the early chick pathway.
However, the ligand specificity of TGFb superfamily
receptors is not well understood, so perhaps the effect of
the Act-RIIb knockout is later in the pathway, for example
in mediating the actions of nodal or lefty. HNF3b, which is
transiently expressed along with Shh in the left of the
chick node, does seem to play a role in mouse asymmetry.
HNF3b is not asymmetrically expressed in the mouse
node ([20] and our unpublished observations), but
embryos with only one functional copy of each of HNF3b
and nodal exhibit bilateral expression of a lacZ–nodal
reporter gene construct and abnormal situs [4]. The signifi-
cance of this interaction is unclear, but HNF3b is also
expressed in the notochord and floorplate [20], which
brings us back to the midline.
Because sides cannot be defined without reference to a
midline, it is perhaps not surprising that the disruption of
midline structures has an effect on situs. In zebrafish, the
mutants no tail (the homologue of mouse brachyury) and
floating head have notochord deficiencies and concomitant
defects of situs [21]. We have seen inverted hearts in
brachyury mutant embryos, but the hearts are also grossly
abnormal (R.P.S. Beddington and N.A.B., unpublished
Figure 2
Molecular and genetic pathways involved in left–right specification in
vertebrates. Inductive and repressive interactions are represented by
arrows and bars, respectively, and undetermined interactions are
indicated by a circle. Green represents components in Xenopus,
yellow in chick, brown in mouse and blue in zebrafish.
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observations). In Xenopus, removing the notochord and
floor plate leads to bilateral nodal expression [22] and ran-
domization of heart situs [21]. Based on lateral plate
explant experiments, Lohr et al. [22] suggest that signals
from the midline normally suppress nodal in the right
plate. It is well known that the notochord induces floor
plate by a contact-dependent signal which can be mimic-
ked by Shh [23]. It will be interesting to see whether the
expression of lefty in the floor plate is perturbed by disrup-
tions to the notochord, and if so whether there is an asym-
metrical  signal from the notochord, or an asymmetry in
the competence of the floor plate to respond.
None of these advances helps us to understand the
primary process that breaks bilateral symmetry, nor are
we any closer to identifying the chiral origin of handed
asymmetry. But we might be getting nearer, at least in
amphibians. In the Xenopus early (16–32 cell) embryo, the
region functionally defined as the ‘Nieuwkoop centre’
induces the formation of the most dorsal mesoderm or
‘organizer’ (analogous to the node in the chick). Hyatt et
al. [24] injected into the left and right of the Nieuwkoop
centre transcripts from a large number of axis-inducing
genes, including Xwnts, activin, noggin and Siamois. Of
these, only an active form of Vg-1, the product of which
requires post-translational processing for activity, had any
effect on left–right development. The Vg-1 protein is yet
another TGFb family member, in this case implicated in
dorsoanterior development. Hyatt et al. [24] found that
injection into the left side had no effect, but injection
into the right side caused development with random situs.
Furthermore, transcripts for a truncated, dominant-nega-
tive receptor able to block Vg-1 activity in vitro caused
randomization of embryo situs only when injected into
the left side. There is no evidence for left–right asym-
metric expression of Vg-1 itself, but the results are com-
patible with the authors’ suggestion that asymmetric
processing of the Vg-1 protein results in increased activ-
ity on the left side, and perhaps initiates a pathway like
that in chick.
Vg-1 is a maternally expressed gene in Xenopus, and it has
always been assumed that maternal transcripts are
unlikely to be involved in left–right patterning of the
mouse or chick embryo. But we should always be pre-
pared to be surprised. Very recently, Gardner [25] has pro-
duced convincing evidence that the mouse blastocyst is
bilaterally symmetrical, and that the specification of its
axis is dependent on patterning of the zygote. Is it time to
do some partial disembowelling of mouse eggs?
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